Rationale Contemporary animal models of cocaine addiction focus on increasing the amount of drug consumption to produce addiction-like behavior. However, another critical factor is the temporal pattern of consumption, which in humans is characterized by intermittency, both within and between bouts of use. Objective To model this, we combined prolonged access to cocaine (∼70 days in total) with an intermittent access (IntA) self-administration procedure and used behavioral economic indicators to quantify changes in motivation for cocaine. Results IntA produced escalation of intake, a progressive increase in cocaine demand (incentive-sensitization), and robust drug-and cue-induced reinstatement of drug-seeking behavior. We also asked whether rats that vary in their propensity to attribute incentive salience to reward cues (sign-trackers [STs] vs. goal-trackers [GTs]) vary in the development of addictionlike behavior. Although STs were more motivated to take cocaine after limited drug experience, after IntA, STs and GTs no longer differed on any measure of addiction-like behavior. Conclusions Exposure to large quantities of cocaine is not necessary for escalation of intake, incentive-sensitization, or other addiction-like behaviors (IntA results in far less total cocaine consumption than 'long access' procedures). Also, the ST phenotype may increase susceptibility to addiction, not because STs are inherently susceptible to incentivesensitization (perhaps all individuals are at risk), but because this phenotype promotes continued drug use, subjecting them to incentive-sensitization. Thus, the pharmacokinetics associated with the IntA procedure are especially effective in producing a number of addiction-like behaviors and may be valuable for studying associated neuroadaptations and for assessing individual variation in vulnerability.
Introduction
Drug self-administration in non-human animals is considered the best method for modeling drug use and addiction in humans. However, limited self-administration experience may not fully capture the changes in brain and behavior associated with the transition from casual drug use to addiction (Ahmed 2012; Piazza and Deroche-Gamonet 2013; Vanderschuren and Everitt 2004) . It is widely thought that this transition requires the use of either 'long access' (LgA; i.e., sessions lasting 6-h or more; Ahmed and Koob 1998) or 'prolonged access' procedures (i.e., 1-2-h sessions, but for more than ∼30-40 days; Deroche-Gamonet et al. 2004) . It is presumed that LgA and prolonged access lead to the development of addiction-like behavior because they are uniquely effective in altering brain reward systems (Ahmed 2012; Edwards and Koob 2013; Kasanetz et al. 2010) .
But the amount of drug consumption is only one factor important in the development of addiction. Another critical factor concerns the temporal dynamics of drug delivery, i.e., pharmacokinetics (Allain et al. 2015; Hatsukami and Fischman 1996; Zimmer et al. 2012) . In addicts, cocaine use is characterized by intermittency, both between and within bouts of use (Allain et al. 2015 for review) . To model this, Zimmer et al. (2012) developed an intermittent access (IntA) self-administration procedure that produces repeated spikes in brain cocaine concentrations. Motivation for cocaine is higher after experience with IntA than LgA, even though far less drug is consumed (Zimmer et al. 2012) . However, how motivation changes over time with IntA experience has not been studied. One goal of the present study was to do this, using behavioral economic indicators of cocaine demand to quantify changes in motivation (Bentzley et al. 2013; Hursh and Silberberg 2008; Oleson and Roberts 2009) . Behavioral economic indicators provide especially unambiguous measures of motivation and of the preferred level of consumption when cost is low.
In addition, we previously hypothesized that rats prone to attribute incentive salience to discrete reward cues are more susceptible to addiction (i.e., sign-trackers [STs] > goaltrackers [GTs] ) (Flagel et al. 2009; because STs are more attracted to drug cues (Saunders and Robinson 2010) , are more motivated to work for cocaine , and show more robust drugand cue-induced reinstatement of drug-seeking behavior (Flagel et al. 2009; Robinson 2010, 2011; ). However, all of these previous studies used procedures that involved only relatively limited exposure to drugs. We asked, therefore, whether STs are more susceptible than GTs to develop addiction-like behavior when allowed prolonged access to self-administered cocaine (approx. 70 days in total) using the IntA procedure.
Materials and Methods
A total of 102 male Sprague-Dawley rats (Harlan, Haslett, MI and Charles River, Raleigh, NC) weighing 250-275 g on arrival were housed individually on a reverse 12-h light/12-h dark cycle (lights on at 20:00) in a climatecontrolled colony room. All testing was conducted during the 12-h lights off period. After arrival, rats were given 1 week to acclimate to the colony room before testing began. Water and food were available ad libitum until 2 days before the first day of self-administration, at which point the animals were mildly food restricted to maintain a stable body weight throughout testing. Note that the animals were not food deprived, but food restricted. That is, we did not reduce body weight but just maintained body weight. Male rats that are fed ad lib gain an inordinate amount of weight, especially in long duration studies, such as this one, and this is unhealthy. There is evidence that maintaining body weight at a stable level, in adult male rats, is the more healthy approach (e.g., Rowland 2007) . All procedures were approved by the University of Michigan Committee on the Use and Care of Animals (UCUCA).
Apparatus B e h a v i o r a l t e s t i n g w a s c o n d u c t e d i n s t a n d a r d (22 × 18 × 13 cm) test chambers (Med Associates, St Albans, VT, USA) located inside sound-attenuating cabinets. A ventilating fan masked background noise. For Pavlovian training each chamber had a food cup located in the center of one wall, 3 cm above a stainless steel grid floor. Head entries into the food cup were recorded by breaks of an infrared photo beam located inside the magazine. A retractable lever illuminated from behind was located 2.5 cm to the left or right of the food cup, ∼6 cm above the floor. The location of the lever relative to the food cup was counterbalanced across rats. A red house light that remained illuminated throughout all Pavlovian training sessions was located on the wall opposite the food cup. For self-administration sessions, the food cup and lever were removed and two nose poke ports were added 3 cm above the floor on the left and right side of the wall opposite the house light. A nose poke into the active port was detected by an infrared photo beam inside the hole and resulted in an intravenous cocaine infusion, delivered by a pump mounted outside the sound attenuating chamber through a tube connected to the rat's catheter back port. The infusion tube was suspended into the chamber via a swivel mechanism, allowing the rat free movement. All measures were recorded using Med Associates software.
Pavlovian conditioned approach training
Rats were first trained using a Pavlovian conditioned approach procedure described previously (Flagel et al. 2007 ). Briefly, rats were first familiarized with banana-flavored food pellets and trained to retrieve pellets delivered into the food cup on a variable time 30-s schedule. The day after pre-training, all rats began 5 consecutive days of Pavlovian approach training consisting of 25 trials, over 35-40 min. An individual trial commenced with the insertion of the illuminated lever (conditioned stimulus [CS] ) into the chamber for 8 s. The lever was then retracted and coincident with this, a single food pellet (unconditioned stimulus [US]) was delivered into the food cup. The CS was presented on a variable time 90-s schedule. Lever deflections, food cup entries, latency to lever deflection, and latency to food cup entry during CS presentation were measured.
The averaged data from days 4 and 5 of training were used to calculate a Pavlovian Conditioned Approach (PCA) index score that quantifies each individual's propensity to approach the lever-CS vs. the food magazine during the CS period (sign tracking vs. goal tracking; see Meyer et al. 2012) . A score of +1.0 indicates an animal that made a sign-tracking response on every trial, −1.0 indicates an animal that made a goaltracking response on every trial, and 0.0 indicates an animal with a 50:50 distribution of behavior toward the lever-CS and food cup. For the purpose of classification, rats with a PCA index of −0.5 or less were defined as GTs (n = 37) and animals with a PCA index of 0.5 or greater were defined as STs (n = 37). All animals with a PCA index between −0.5 and 0.5 were defined as intermediates (n = 28). For this study, we were interested in comparing rats that clearly differed in their propensity to attribute incentive salience to reward cues, and therefore intermediates were excluded from further testing.
Intravenous catheter surgery
Next, ST and GT rats underwent intravenous catheter surgery as described previously (Crombag et al. 2000) . Briefly, rats were anesthetized using ketamine hydrochloride (100 mg/ kg i.p.) and xylazine (10 mg/kg i.p.), and a catheter was inserted into the right jugular vein and tubing was run subcutaneously to a port located on the rat's back. Following surgery, catheters were flushed daily with 0.2 ml sterile saline containing 5 mg/ml gentamicin sulfate (Vedco, MO). Catheter patency was tested periodically with intravenous injection of 0.1 ml methohexital sodium (10 mg/ml in sterile water, JHP Pharmaceuticals). If a rat did not become ataxic within 10 s of the injection, the catheter was considered not patent and the animal was removed from the study.
Self-administration: acquisition
Rats were given ∼7 days to recover from the catheter surgery, after which time self-administration training commenced. When the rats were placed in the chamber, the house light was initially illuminated and the beginning of each session was signaled by the house light being extinguished. At that time a nose poke into the active port resulted in an intravenous infusion of cocaine hydrochloride (NIDA) dissolved in 0.9 % sterile saline (0.4 mg/kg/infusion in 50 μl delivered over 2.6 s) on a fixed ratio 1 schedule. Each infusion was paired with the illumination of a cue light in the nose port for 20 s. Nose pokes during this time were recorded but had no consequences. An inactive port was also present at all times, and pokes there had no consequences. To ensure that during initial training all animals received the same amount of drug exposure and CS-US pairings, an infusion criteria (IC) procedure was imposed on self-administration sessions, as described previously (Saunders and Robinson 2010) . IC session length was determined by how long it took each rat to reach the predetermined number of infusions, not by an explicit time limit. Each rat had two sessions at IC10, three sessions at IC20, and four to six sessions at IC40. A total of two rats (one ST, one GT) were excluded during acquisition training because they failed to discriminate between the active nose port and the inactive nose port.
Self-administration: within-session threshold procedure
The day after acquisition of self-administration, rats were trained on a within-session threshold procedure, as described previously (Bentzley et al. 2013; Oleson and Roberts 2009; Oleson et al. 2011) . During this 110-min session, rats received access to decreasing doses of cocaine in successive 10-min intervals on a quarter logarithmic scale (383.5, 215.6, 121.3, 68.2, 38.3, 21.6, 12.1, 6.8, 3.8, 2 .2, and 1.2 μg/infusion), achieved by decreasing the pump infusion duration (8175, 4597, 2585, 1454, 818, 460, 259, 145, 82, 46, and 26 ms) . The development of Pavlovian conditioned approach behavior in rats classed as sign-trackers (STs) (n = 37) or goal-trackers (GTs) (n = 37) in the present experiment. As reported many times, pairing a lever-CS with a food reward results in some rats (STs) showing lever-directed behavior, as indicated by an progressive increase in the probability of deflecting the lever on any given trial (a), the number of lever contacts (deflections; b), and a decrease in the latency to contact the lever (c).
During the CS period, other rats (GTs) direct their behavior toward the food magazine, as indicated by a progressive increase in the probability of entering the food magazine on any given trial (d), the number of magazine entries (e), and a decrease in the latency to enter the magazine (f).
Values represent means ± SEMs Also, during the threshold procedure, the nose port cue light was illuminated for the duration of each infusion. Importantly, there was no timeout period following each infusion. As during acquisition, the house light was illuminated when the rats were placed in the chambers and the beginning of the session was signaled by the house light being extinguished.
Demand curve fitting Demand curves generated from the threshold procedure were fit using a focused-fitting approach, using procedures described in detail elsewhere (Bentzley et al. 2013) . Briefly, each animal's brain cocaine concentration was calculated to determine relative stability during a session. Demand data points that failed to meet stability criteria were truncated before demand curves were fit by standard techniques (Bentzley et al. 2013 ). This typically resulted in elimination of the data point from the first 10-min bin, during which the subject 'loaded' on cocaine (Oleson et al. 2011) , and elimination of all data points that occurred more than 20-min (two data points) after P max , when the brain cocaine concentration had dropped significantly (Bentzley et al. 2013) . Using this focused-fit approach, the values α and Q 0 in the exponential demand equation were manipulated to minimize the residual sum of squares, i.e., the square of the difference between the logarithm of the experimentally measured demand, and the logarithm of the demand predicted by the exponential demand equation was found for each price and then summed across all prices. This procedure yields values for a number of metrics. Q 0 is a theoretical measure of consumption when no effort is required, that is, an inherent extrapolation of the animal's consumption at very low prices (Bentzley et al. 2013; Hursh and Silberberg 2008; Oleson et al. 2011) . P max is defined as the price that elicits maximum responding, i.e., the maximum price (in effort) an animal is willing to pay to maintain Q 0 (Bentzley et al. 2013; Hursh 1991) . Consumption remains relatively stable at prices lower than P max but falls rapidly at prices higher than P max . Finally, α is a measure of normalized demand elasticity and is equivalent to the slope of the demand curve-it is often taken to reflect the 'essential value' of a commodity (Bentzley et al. 2013; Hursh and Silberberg 2008) . α is a uniquely unambiguous measure of motivation because it is normalized with respect to Q 0 . Thus, changes in motivation that are accompanied by changes in Q 0 (Bentzley et al. 2014 ) can be determined with greater confidence than by just P max or even breakpoint on a progressive ratio schedule (Bentzley et al. 2013 (Bentzley et al. , 2014 Hursh and Silberberg 2008) . Motivation is inversely proportional to α, meaning a larger α value corresponds to lower essential value.
For the baseline test, each rat was tested daily using the threshold procedure for a minimum of five sessions and until it produced three consecutive sessions with less than ±25 % variation in α. For baseline data analysis, P max , α, and Q 0 values were averaged over the last three sessions for each rat. Each probe test that followed the baseline test consisted of testing each rat for 2 days using the threshold procedure. Data (not shown) from other experiments have shown that after initial training, the rats no longer require multiple days for their behavior to stabilize. For probe test data analysis, P max , α, and Q 0 values were averaged over the two sessions for each rat. A total of seven rats (four STs, three GTs) were excluded during the baseline threshold procedure because their behavior failed to stabilize or their catheters failed.
Self-administration: within-session punishment procedure After the rats exhibited stable performance on the threshold procedure, they were tested using a similar procedure that manipulated cost by increasing the aversive consequences of self-administration (footshock), as described previously (Bentzley et al. 2014) . In this test, drug dose remained constant (38.3 μg/infusion), but cost was increased by increasing the intensity of a 0.5-s contingent footshock that accompanied infusions. After 20 min of self-administration without punishment, the current increased in successive 10-min intervals (0.10, 0.13, 0.16, 0.20, 0.25, 0.32, 0.40, 0.50, 0.63, 0.79 mA) . Results were normalized for individual variation in Q 0 by defining punishment resistance as the maximum electrical charge (max charge) an animal was willing to endure in a bin to defend its shock-free preferred level of cocaine consumption. For the baseline test, each rat was tested daily on the punishment procedure for a minimum of four sessions and until it produced three consecutive sessions with less than ±25 % variation in max charge. Each probe test that followed the baseline test consisted of testing each rat for 2 days on the punishment procedure. Data (not shown) from other experiments established that after initial training, the rats no longer require multiple days for their behavior to stabilize.
Self-administration: intermittent access procedure
After completion of the baseline punishment test, the rats were allowed to continue to self-administer cocaine, but now using an intermittent access (IntA) procedure, similar to that described previously (Zimmer et al. 2012) . Briefly, the rats were placed into the chamber with the house light illuminated. The beginning of the first 5-min Drug Available period started 2 min after the rats were placed into the chamber and was signaled by extinguishing the house light. During the Drug Available period, a nose poke into the active port resulted in an intravenous infusion of cocaine hydrochloride (NIDA) dissolved in 0.9 % sterile saline (0.4 mg/kg/infusion in 50 μl delivered over 2.6-s) on a fixed ratio 1 schedule. Each infusion was paired with the illumination of a cue light in the nose port for the duration of the infusion. Pokes that were made during the 2.6-s infusion period were recorded but not additionally reinforced. It is important to note that there was no timeout period following the infusion, so the rats could earn another infusion as soon as the preceding infusion ended. After the 5-min period, the house light turned on and signaled a 25-min No Drug Available period. During the No Drug Available period, nose pokes were recorded but had no consequences. After 25-min, the house light was again extinguished and another 5-min Drug Available period began. Each IntA session consisted of 8 Drug Available and 8 No Drug Available periods, resulting in a 4-h session. This procedure results in a series of spikes in brain cocaine concentrations, rapidly rising to a peak and falling to baseline prior to the next Drug Available period (see Fig. 1 in Zimmer et al. 2012 for an illustration of changes in brain cocaine levels when using this vs. other self-administration procedures). An inactive port was also present at all times and pokes here had no consequences.
Each rat underwent one IntA session/day, an average of 5 days/week. We varied the number and pattern of days off each week to accentuate the intermittency-for example, 1 week animals may have had only 1 day off and then the next week, the animals may have had 3 days off. However, animals were never given the day directly before a probe test off. The rats were given a total of 36 IntA sessions and underwent probe tests, using both the threshold procedure and the punishment procedure described above, after the 12th, 24th, and 36th IntA sessions (see Fig. 3a ). A total of 65 rats began IntA testing, but 20 (12 STs, 8 GTs) lost catheter patency before the reinstatement tests, and therefore the N is lower for those later tests. In all, the rats self-administered cocaine for a total of approximately 70 days, combining acquisition (mean of 9 days), threshold and punishment testing (mean of 26 days), and IntA (36 days).
Cocaine-induced reinstatement test
Following 36 IntA sessions and the final threshold and punishment probe tests (P3), rats were tested for cocaine-induced reinstatement using procedures similar to those described previously (Deroche et al. 1999) . On the first day of this 2-day test, rats were placed in the self-administration chambers with the house light illuminated. When the session started 2-min later, the house light was extinguished. All nose pokes during this test were recorded but had no consequences (that is, neither drug nor cue was presented). After a 90-min extinction period, the rats received four IV saline infusions (20, 40, 80, 160 μl) , each separated by 30 min. The following day, the rats were tested using the same procedure, except the saline was replaced by a cocaine solution (0.2, 0.4, 0.8, 1.6 mg/kg).
Extinction and cue-induced reinstatement test
After the rats completed the cocaine-induced reinstatement test, they underwent 2-h extinction sessions each day for at least 5 days, until they made less than 20 active nose pokes in one session. The rats were placed into the chamber with the house light on and when the session started, the house light was extinguished and stayed extinguished for the duration of the extinction session. Responses into the nose ports during these sessions were recorded but had no consequences. The day after a rat met the extinction criterion, it underwent an additional day of testing identical to extinction, except on this day, pokes in the active port were reinforced by the illumination of the cue light and activation of the pump (with no tubing attached) for 2.6 s. A total of three rats (one ST, two GTs) were excluded for failing to extinguish responding at the previously active nose port.
Addiction criteria
Rats were classified as meeting 1-3 'addiction criteria,' as described previously (Deroche-Gamonet et al. 2004) . A rat was classed as positive for an addiction criterion if its performance on a given test of addiction-like behavior was in the top third of the sample. The tests used to classify animals were the P max and max charge values on the third threshold probe test, as well as the average number of responses during the No Drug Available periods on the last 3 days of IntA self-administration, following Deroche-Gamonet et al. (2004) . To determine the degree of incentive-sensitization, we compared values from the baseline threshold test with those on the last threshold test, as well as changes in selfadministration behavior between the first and last three sessions of IntA self-administration. Rats meeting two or three addiction criteria (top third) were pooled because there were only three animals that were in the top third for all three tests. This yielded 9 '2/3 criteria rats' (5 GTs, 4 STs), which were compared with 11 '0 criteria rats' (6 GTs, 5 STs).
Statistical analysis
Linear mixed models (LMM) analyses were used for all repeated measures data. The best-fitting model of the repeated measure covariance was determined by the lower Akaike information criterion score (West et al. 2007) . Depending on the model selected, the degrees of freedom may have been adjusted to a non-integer value. A standard two-sample t test was used to compare within-session threshold and punishment data obtained from the baseline probe test. For these tests, we used a one-tailed test, because we predicted the direction of the group difference based on our previous study showing that, after limited experience, STs were more motivated to self-administer cocaine than GTs, based on higher breakpoints on a progressive ratio schedule . Data for the α measure was not normally distributed, and therefore, all statistical tests involving α were run on log transformed data, consistent with previous reports (Bentzley et al. 2014) . Statistical significance was set at p < 0.05.
Results
Individual variation in Pavlovian conditioned approach behavior Figure 1 shows approach behavior as a function of Pavlovian training session for all STs and GTs. As described previously (Flagel et al. 2007; Saunders and Robinson 2010) , with training, STs showed an increase in the probability and vigor (number of contacts) with which they engaged the lever-CS and a decrease in the latency to approach it (Fig. 1a-c) . On the other hand, GTs showed an increase in the probability and vigor with which they engaged the food cup during the lever-CS period and a decrease in the latency to approach it ( Fig. 1d-f ).
No group differences in the acquisition of cocaine self-administration
Due to the nature of the infusion criteria (IC) procedure used to train rats to self-administer cocaine (Saunders and Robinson 2010) differences in acquisition would be evident in the time it took to reach the IC or the number of active responses made. The number of active responses increased across training (effect of IC, F(2,138.89) = 10.385, p < 0.001), and there were no group differences in the number of active nose pokes at any infusion criteria (F(1,82.77) = 0.016, p = 0.90; Fig. 2a ). The relatively low number of inactive nose pokes did not change (F(2,128.78) = 2.81, p = 0.064) across training in either group, which did not differ from one another (F(1,70.095) = 1.53, p = .221) (data not shown). There were also no group differences in session length at any infusion criteria (no effect of group, F(1,72.3) = 0.978, p = 0.326; Fig. 2b ). Furthermore, there was very little variation in the number of sessions required to reach our acquisition criteria because all but three animals (two STs, one GT) only required the minimum of nine sessions. Thus, using this procedure, there were no group differences in the acquisition of cocaine selfadministration behavior, as reported previously (Saunders and Robinson 2010) .
After limited drug experience STs are more motivated to self-administer cocaine After limited cocaine self-administration experience, STs have been reported to be more motivated to self-administer cocaine than GTs, as indicated by breakpoint on a progressive ratio schedule . Therefore, data obtained from the baseline within-session threshold test was analyzed separately to determine if measures of cocaine demand would yield similar results.
There were no group differences in the number of sessions required for behavior to stabilize on the threshold procedure. STs had a higher P ma x (planned one-tailed t test; t(1,61) = 5.95, p = 0.009; Fig. 3b) , and a lower α (t(1,61) = 2.14, p = 0.019; Fig. 3c ) than GTs, indicating that they were more willing to expend effort to obtain cocaine as cost increased. In contrast, STs and GTs did not differ on Q 0 (t(1,61) = 0.838, p = 0.182; Fig. 3d ), indicating that when the cost was low, they both preferred the same level of cocaine consumption. Interestingly, STs and GTs did not differ on the within-session punishment procedure as measured by the maximum charge self-administered in any one 10-min bin (t(1,59) = 0.303, p = 0.292) or the total amount of charge self-administered throughout the 110-min session (t(1,59) = 0.469, p = 0.248; data not shown). Baseline demand curves generated during the threshold procedure for a representative ST and GT, after only limited drug experience, are shown in Fig. 3e , f, respectively.
Drug intake escalates with IntA cocaine experience in both STs and GTs
After the baseline behavioral economic tests, animals transitioned to the IntA procedure for 36 additional selfadministration sessions. With increasing IntA experience, there was a progressive increase in drug intake during the Drug Available periods ( Fig. 4a ; effect of session, F(35,89.2) = 3.426, p < 0.001), and this effect was evident in both STs and GTs, which did not differ ( Fig. 4b ; effect of session, F(35,175.0) = 1.651, p = 0.019; effect of group, F ( 1 , 7 5 . 6 ) = 0 . 5 9 8 , p = 0 . 4 4 2 ; i n t e r a c t i o n Zimmer et al. (2012) . Additionally, a progressive increase in drug intake was evident during the first minute of the Drug Available periods (effect of session, F(35, 504.0) = 9.099, p < 0.001; note the Log 2 scale, which makes it difficult to visualize the escalation in intake during the first minute). When introduced to the IntA schedule, both STs and GTs quickly learned (within a few days) to discriminate between the alternating Drug Available and No Drug Available periods, which were signaled by changes in chamber illumination (Fig. 5a-c) . Figure 5d shows that with prolonged IntA experience, responding during the first 5-min of the No Drug Available periods dropped to very low levels (t(1,38) = 4.25, p < 0.001), but responding remained high (and even slightly increased) during the last 5-min of the No Drug Available periods. This presumably indicates anticipation of the next Drug Available period, even though the animals had learned that drug was not yet available.
The IntA procedure results in much less total drug consumption than LgA Table 1 compares the average daily total drug consumption by the end of testing in the present study using IntA, and in the Zimmer 2012 study, using IntA, to selected studies using long (LgA) and short access (ShA) procedures. It can be seen that total daily drug consumption is much less using IntA than LgA and comparable to that with ShA. Motivation for cocaine increases (sensitizes) with IntA experience
Rats were given a probe test using the within-session threshold and punishment procedures after every 12 IntA sessions. To assess changes in cocaine demand as a function of IntA experience, we first analyzed the data with the ST and GT groups pooled ( Fig. 6a-d) . With increasing IntA experience, there was a progressive increase in cocaine demand as indicated by an increase in P max ( Fig. 6a ; effect of session, F(3,75.6) = 8.563, p < 0.001), a decrease in α ( Fig. 6b ; effect of session, F(3, 79.3) = 12.936, p < 0.001), and an increase in max charge ( Fig. 6c ; effect of session, F(3,81.1) = 8.872, p < 0.001). Interestingly, there was no change in Q 0 ( Fig. 6d ; effect of session, F(3120.7) = 2.133, p > 0.1). Thus, motivation for cocaine increased, indicating incentive-sensitization, when cost was manipulated either by increasing the effort required to defend the preferred level of consumption or by increasing the aversive consequences for doing so. When the influence of increasing IntA experience was assessed for STs and GTs separately, there were no group differences on any of these metrics ( Fig. 6e-h ). Figure 6i shows the demand curve from one representative rat (a ST) at baseline and then again from the same rat after 36 days of IntA drug experience (Fig. 6j) .
Both STs and GTs show robust drug-and cue-induced reinstatement
Following the final behavioral economic tests and 2 days of extinction, rats were tested for cocaine-induced reinstatement. STs and GTs did not differ in their rate of instrumental extinction prior to the drug prime reinstatement test ( Fig. 7a ; effect of group, p value >0.1). The cocaine-priming injections dose-dependently reinstated drug-seeking behavior to a comparable degree in STs and GTs, as measured by responses in the previously active nose port ( Fig. 7b ; effect of dose, F(4,40.9) = 10.897, p < 0.001), but not at the previously inactive nose port (p = 0.116). Although there appears to be a difference between STs and GTs at the highest dose, this was not statistically significant (effect of group, F(1,47.7) = 2.934, p = 0.093; group X dose interaction effect, F(4,40.9) = 1.692, p = 0.17). The last 30 min of the drug-free extinction period was used for the 0.0 mg/kg dose. Following the drug-induced reinstatement test, rats underwent additional extinction training for at least 5 days, However, responding during the last 5-min did not decrease, even though the discrimination was well learned. This may be indicative of anticipatory responding even when it is known that drug is not available (e.g., Deroche-Gamonet et al. 2004) . Values represent means ± SEMs followed by a test for cue-induced reinstatement of cocaineseeking behavior (conditioned reinforcement). Again, STs and GTs did not differ in either the number of responses made during extinction or the number of sessions required to reach extinction criteria ( Fig. 7c ; effect of group p value >0.1), as we have reported previously (Ahrens et al. 2016) . Both STs and GTs showed robust cue-induced reinstatement, compared to the last day of extinction ( Table 2 compares the magnitude of cue-induced reinstatement of cocaine seeking in the present study to that seen in a number of selected studies (Grimm et al. 2003; Kippin et al. 2006; Saunders and Robinson 2010; Yager and Robinson 2013) . It can be seen that the magnitude of cue-induced reinstatement in the present study was indeed robust, relative to that obtained after only limited experience with cocaine and comparable to that seen in 'high reinstating' rats after prolonged assess to cocaine (Deroche-Gamonet et al. 2004) .
Addiction criteria
Finally, rats were classified as meeting either 0 or 2-3 criteria for addiction based on P max , max charge values, and number of responses during the No Drug Available periods, as described previously (Deroche-Gamonet et al. 2004 ). Of course, 2/3 criteria rats would have the highest values on those tests for which they were selected, so the question we were interested in was whether 2/3 and 0 criteria animals differed in the degree to which they changed (sensitized) as a function of IntA experience (i.e., between the first (baseline) and last threshold tests), which would be indicated by significant interaction effects. The extent to which behavior changed differently in 2/3 criteria vs. 0 criteria rats depended on the measure (Fig. 8) . The 2/3 criteria rats did show a greater change than 0 criteria rats in P max between the baseline and last threshold tests ( Fig. 8a ; effect of test session, F(1,34) = 18.54, p < 0.001; session X group interaction, F(1,34) = 5.14, p = 0.03). Thus, on this measure, the 2/3 criteria rats appeared to show greater incentive-sensitization. For α, the 2/3 criteria rats had overall lower values, consistent with being selected based on P max , which is highly correlated with α. However, in contrast to P max , α decreased to the same extent in the 0 and 2/3 criteria rats, as indicated by a nonsignificant interaction effect ( Fig. 8e ; effect of test session, F(1,34) = 16.04, p < 0.001; session X group interaction, F(1,34) = 2.00, p = 0.166). Similarly, for max charge, both groups increased their willingness to continue to selfadminister in the face of an adverse consequence as a function of IntA experience, but there was no difference between 0 and 2/3 criteria rats in the magnitude of the change, again, as indicated by a non-significant interaction effect ( Fig. 8b ; effect of test session, F(1,34) = 4.37, p = 0.044; session X group interaction, F(1,34) = 3.04, p = 0.266). Similar results were obtained for the number of responses during the No Drug Available period ( Fig. 8c ; session X group interaction, F(1,34) = 1.39, p = 0.247) and for the degree of escalation of intake. Both 2/3 criteria and 0 criteria rats escalated their intake with IntA experience, but they did so to the same extent ( Fig. 8d ; effect of test session, F(1,34) = 14.75, p = 0.001; session X group interaction, F(1,34) = 0.05, p = 0.824). Finally, 2/3 criteria rats did show greater drug-induced reinstatement than 0 criteria rats ( Fig. 8f ; t(1,8) = 3.41, p = 0.014), but these groups did not differ in the magnitude of cueinduced reinstatement ( Fig. 8g; t(1,8) = 0.26, p = 0.804).
Discussion
In addition to dose, the temporal patterns by which drugs reach the brain (pharmacokinetics) can powerfully influence their ability to change brain and behavior (Allain et al. 2015; Robinson and Becker 1986) . We asked, therefore, how prolonged experience with a newly developed intermittent access self-administration procedure (IntA; Zimmer et al. 2012) , which produces repeated spikes in brain cocaine concentrations, changes motivation for cocaine, as assessed using behavioral economic indicators of cocaine demand (Bentzley et al. 2013; Hursh and Silberberg 2008) . IntA selfadministration experience produced a marked and progressive increase in motivation for cocaine (incentive-sensitization) and other addiction-like behavior. This was indicated by (1) a progressive escalation in drug consumption; (2) a progressive increase in P max , i.e., the maximum price an animal is willing to pay (in effort) to maintain their preferred brain cocaine concentration; (3) a progressive decrease in α, which is a normalized measure of elasticity of the demand curve, or how readily demand decreases as price increases; (4) Fig. 7 Instrumental extinction, drug prime, and cue-induced reinstatement tests. After 36 days of IntA self-administration, all rats first underwent 1 day of extinction training, and then on the next day, further extinction before testing for drug-induced reinstatement of cocaine seeking behavior. a On the first day of extinction training, both STs (n = 20) and GTs (n = 25) rapidly decreased instrumental responding (the number of active nose pokes), and there were no group differences in the rate of instrumental extinction (see Ahrens et al. 2016 for a comparison of Pavlovian vs. instrumental extinction in STs and GTs). b The effect of three successive doses of cocaine, separated by 30 min on responding under extinction conditions. The values for the dose of 0 are the means ± SEMs for the 30 min immediately prior to the priming injections. The priming injections dose-dependently increased active responses, relative to inactive responses, and although there appears to be a group difference after the highest dose, this was not statistically significant. c Active responses on each of the 5 days of further extinction training following the drug-induced reinstatement test (n = 19 STs, 23 GTs). Again, there were no group differences in instrumental extinction. d The results of the cue reinstatement test, when responding now resulted in presentation of the cue previously paired with cocaine delivery during self-administration sessions, but no cocaine was delivered. The black bars show responding at the end of extinction training and the white bars the number of active responses during the 2-h reinstatement test. The dashed lines within the white bars indicate the mean number of inactive responses during the reinstatement test. It is clear that the cue was a highly effective conditioned reinforcer, reinstating high levels of responding in both STs and GTs, which did not differ. Values represent means ± SEMs max charge, i.e., the willingness to self-administer cocaine in the face of an adverse consequence; (5) continued anticipatory responding toward the end of No Drug Available periods, despite learning drug is not available; and (6) very robust drug-and cue-induced reinstatement of drug-seeking behavior following extinction. Interestingly, there was no change in Q 0 , an index of the preferred brain cocaine concentration when cost is negligible.
We also separately assessed the degree to which demand for cocaine changed in STs and GTs. After limited drug experience, STs were more motivated to take cocaine than GTs (higher P max and lower α), consistent with a previous study using a progressive ratio schedule ). However, prolonged IntA self-administration experience produced marked incentive-sensitization for cocaine in both STs and GTs, such that after this experience motivation for cocaine was equally high in STs and GTs, and they no longer differed on any measure of addiction-like behavior. We discuss each of these findings in turn.
Escalation
A model of addiction that has become popular in recent years involves comparing rats given relatively short access to cocaine (ShA; 1-2 h daily sessions) with those given long access (LgA; typically 6 or more hour sessions) (Ahmed and Koob 1998; Ahmed 2011 Ahmed 2012 . LgA, unlike ShA, is reported to produce an escalation in drug intake and other forms of addiction-like behavior (Ahmed and Koob 1998; Ahmed 2011 Ahmed , 2012 Edwards and Koob 2013) , including an increase in P max and Q 0 , as well as a decrease in α (Bentzley et al. 2014) . It has been hypothesized that LgA better models addiction than ShA because, Baddiction-causing neuropathological processes could be set in motion only when rats can expose themselves sufficiently to cocaine to cross the 'threshold of addiction'-the minimum level of drug exposure required for inducing addiction^ (Ahmed 2012, p. 110) . Fig. 8 Analysis based on addiction criteria. Differences in the extent to which measures of motivation for cocaine changed between the baseline threshold and punishment tests (BL) and the last test after 36 days of IntA experience (P3) in 2/3 criteria (n = 9) vs. 0 criteria rats (n = 11) would be indicated by significant interaction effects. This was found for P max , but not for any other measure. Also, although 2/3 criteria rats showed more robust drug-induced reinstatement, the 2/3 and 0 criteria rats did not differ in the degree of cue-induced reinstatement That is, it is assumed that the amount of drug intake is the critical factor in producing addiction-like behavior, including escalation. However, the present results show that rats do not have to consume the large amounts of cocaine taken under LgA conditions to produce escalation of intake, or other addiction-like behavior, including increased motivation for drug (also see Zimmer et al. 2012; Deroche et al. 1999) . Total cocaine consumption produced by the IntA procedure used here is comparable to that seen under ShA conditions and is far less than with LgA (Zimmer et al. 2012; Calipari et al. 2013 ; see Table 1 ). Indeed, it has been suggested previously that the high level of consumption produced by LgA is not required to produce escalation (Beckmann et al. 2012; Goeders et al. 2009; Mandt et al. 2012) . It is worth noting that Zimmer et al. (2012) did not explicitly report escalation in their IntA groups. However, their analysis of intake over 14 days of selfadministration resulted in a significant effect of day but no group X day interaction, so individual groups were not examined on this variable. Nevertheless, the escalation reported here does appear to be more robust, which could be related to procedural differences, such as our inclusion of the initial behavioral economic probe tests, which resulted in animals having more selfadministration experience prior to IntA experience.
It is known that LgA vs. IntA experience results in different neurobiological adaptations (see below), and it is interesting to speculate that either can cause escalation of intake but for different reasons. Perhaps because of the different pharmacokinetic profiles involved, the same apparent outcome (escalation) is due to tolerance to hedonic effects in the case of LgA, as previously suggested (Ahmed 2012; Calipari et al. 2014a; Edwards and Koob 2013-their Fig. 1 ) but to sensitization of drug Bwanting^(incentive-sensitization) in the case of IntA (see discussion below). This notion is consistent with reports that Q 0 is increased after LgA (Bentzley et al. 2014; Christensen et al. 2008 ), but not after IntA (present study). Interestingly, when tested 1-2 days after LgA cocaine selfadministration experience, rats show a decrease in the ability of cocaine to elevate DA in the nucleus accumbens and to produce psychomotor activation (Calipari et al. 2013 ), but after a month of abstinence, animals with prior LgA experience express marked psychomotor sensitization (Ferrario et al. 2005) . Thus, the neurobiological effects of LgA may change as a function of time following the discontinuation of drug use, consistent with reports that sensitization is sometimes only apparent after a period of abstinence (e.g., Paulson et al. 1991; Paulson and Robinson 1995) .
Motivation
Another defining feature of addiction, beyond escalation of intake, is an increase in motivation to take cocaine. Motivation is often measured by the willingness to bear increasing costs, either by imposing an increase in the effort required to procure cocaine or by imposing an adverse consequence (such as footshock) for doing so, and observing the extent to which an individual persists in consumption. Prolonged experience with IntA cocaine self-administration progressively increased motivation for cocaine by both of these measures in both STs and GTs, as indicated by an increase in P max , a decrease in α, and an increase in the maximum electrical charge they would endure. Continued responding when drug is not available has also been reported to be an addiction-like behavior (Deroche-Gamonet et al. 2004) , and here, rats continued to show anticipatory responding toward the end of the No Drug Available period, long after they learned that drug was not available. Although this is the first report of a progressive increase in motivation for cocaine with prolonged IntA experience, Zimmer et al. (2012) previously reported that rats with a history of IntA cocaine self-administration had a significantly higher P max than those with LgA experience, despite consuming much less drug (they did not report α values). In addition, ShA cocaine self-administration experience has been reported to increase motivation for cocaine, especially after many days of exposure (Deroche et al. 1999; Schenk and Partridge 1997) . Interestingly, Deroche et al. (1999) used a procedure that involved intermittent access to cocaine during each daily session, as rats were allowed to self-administer decreasing doses of cocaine over three 30-min periods, each separated by 20-min No Drug Available periods. Collectively, these findings are consistent with the notion that Ban intermittent pattern of use, more than the amount of drug used^ (Allain et al. 2015, p. 175) may be especially important in the development of addiction.
Interestingly, there was no change in free consumption (Q 0 ) with IntA experience. Although they did not calculate Q 0 , Zimmer et al. (2012) also found no difference in free consumption between groups with ShA, LgA, or IntA self-administration experience during the initial portion of the threshold test, when cost was low, although others have found LgA experience does increase Q 0 (Bentzley et al. 2014; Christensen et al. 2008) . It is difficult to know exactly what psychological process determines Q 0 . Although there are alternative interpretations, one is that it reflects a balance between the positive and aversive effects of the drug, i.e., hedonic value (e.g., Bentzley et al. 2013) . Of course, it is impossible to know if Q 0 truly reflects the hedonic effects of cocaine in non-human animals, but if it did, prolonged IntA drug experience may dissociate motivation for drug and its hedonic consequences (see Oleson et al. 2011) , consistent with incentive-sensitization theory (Robinson and Berridge 1993) . This notion is also consistent with reports that, at least for psychostimulants, α better predicts addiction-like behavior than Q 0 (Bentzley et al. 2014) .
Reinstatement
Both long access and prolonged access to cocaine are reported to increase the propensity to reinstate drug-seeking behavior (Ahmed 2012; Deroche et al. 1999) , and here, prolonged IntA experience also produced robust drug-and cue-induced reinstatement of drug-seeking behavior. Although a comparison with other studies requires caution, Table 2 shows that the magnitude of reinstatement seen here was indeed robust. For example, the average number of active nose pokes in 1-h during the cue reinstatement test (∼200) was the same as reported in high reinstating rats (highest 40 %) described by Deroche-Gamonet et al. (2004) and much higher than we have seen in rats with only limited drug experience (∼60-80 responses; Saunders and Robinson 2010) , suggesting that prolonged IntA leaves animals especially prone to reinstate drug-seeking behavior. Interestingly, after limited drug experience STs show greater drug-and cue-induced reinstatement than GTs Robinson 2010, 2011; ), but after IntA experience, they no longer differed, consistent with the changes in motivation for cocaine. However, it remains to be determined if this will also be true for other precipitators of relapse (e.g., context and stress).
Mechanisms
The temporal pattern by which stimuli impinge on the nervous system has a large effect on their ability to produce brain plasticity. The classic example is the influence of spaced vs. massed trials on learning. Another is the effectiveness of different patterns of stimulation to produce LTP (e.g., Larson et al. 1986) or LTD (e.g., Bear and Malenka 1994) or dopamine-induced synaptic plasticity (e.g., Wieland et al. 2015) . Temporal factors are equally important for drug experience-dependent plasticity (Allain et al. 2015 for review). For example, spaced injections are much more effective in producing behavioral and neural sensitization than massed injections, and if blood levels of drug are maintained at elevated levels continuously (as with traditional selfadministration procedures), tolerance rather than sensitization may result (Post 1980; Robinson and Becker 1986; Vezina 2004) . In addition, sensitization may become more evident after a period of abstinence (e.g., Paulson et al. 1991; Paulson and Robinson 1995) , perhaps contributing to 'incubation of craving' effects (Pickens et al. 2011 for review) .
Thus, the greater effectiveness of IntA to increase motivation for drug, relative to either ShA or LgA experience (Zimmer et al. 2012) , may be because a 'spiking' temporal pattern of consumption is more effective in producing incentive-sensitization and associated neuroadaptations relevant to addiction (Allain et al. 2015) . Indeed, it is important to note that IntA and LgA are reported to have opposite effects on dopamine transmission when tests are conducted soon after discontinuing self-administration, the former producing sensitization and the latter tolerance (Calipari et al. 2013 (Calipari et al. , 2014a (Calipari et al. , b, 2015 c.f., Ferrario et al. 2005) . It should be concerning that two purported 'models of addiction' (LgA and IntA) produce opposite neurobiological effects. It will be critical to determine, therefore, which better reflects the changes in brain associated with the transition from casual drug use to addiction. If the pharmacokinetics associated with IntA are more effective in producing changes in brain that lead to the development of addiction-like behavior or produce qualitatively different neuroadaptations, relative to LgA, or even prolonged ShA, this should be an important consideration in the design of preclinical studies (Allain et al. 2015) .
Individual differences in susceptibility to addiction
In addition to LgA, prolonged ShA cocaine selfadministration experience is also reported to produce addiction-like behavior, but in only ∼15 % of individuals, based on an analysis of the number of 'addiction criteria' they meet (Belin and Deroche-Gamonet 2012; Belin et al. 2009; Deroche-Gamonet et al. 2004 ). We asked, therefore, whether the degree of incentive-sensitization seen in the present study varied as a function of the number of 'addiction criteria' met. We found that on a number of measures 0 criteria and 2/3 criteria rats did not differ markedly in the degree to which their behavior changed with IntA experience. It is possible, therefore, that the prolonged ShA procedure may overestimate the degree of individual variation in the development of addiction-like behavior, because the pharmacokinetics associated with ShA are not as effective in promoting neural sensitization, and thus pathological motivation for drug (Allain et al. 2015) .
This issue clearly requires further investigation, but it is an interesting one, because it addresses the source of individual variation in addiction liability. Individual variation in susceptibility to addiction may not be due to differential susceptibility to drug-induced neuroadaptations that produce pathological motivation for drug. Perhaps any individual exposed to drugs intermittently, repeatedly, and using routes of administration that result in rapid absorption would be susceptible to incentive-sensitization. If susceptibility to this form of drug experience-dependent plasticity, per se, is not the critical factor, then the important susceptibility factors for addiction may be those that determine, after initial use, whether a given individual continues to take drug, especially using routes of administration, doses, and patterns of use that produce neuroadaptations that facilitate incentive-sensitization (Allain et al. 2015) . This may depend more on social, personality, and contextual factors.
Indeed, this may explain why we found that after prolonged IntA self-administration experience both STs and GTs underwent incentive-sensitization to the extent that they no longer differed on any measure of addiction-like behavior. We originally hypothesized that STs may be more susceptible to addiction than GTs (Flagel et al. 2009; , at least in part because they differed in susceptibility to sensitization (Flagel et al. 2008) . However, all of our previous studies involved relatively limited exposure to drugs. The results here suggest an alternative hypothesis. Individuals with a ST phenotype may indeed be more susceptible to addiction, but not because they are especially vulnerable to incentive-sensitization, at least after IntA self-administration experience. Rather, they may be more susceptible to addiction because they are initially more motivated to take cocaine , they are especially sensitive to cocaine cues (Saunders and Robinson 2010; , are more impulsive (Lovic et al. 2011; Tomie et al. 2008) , are high novelty-seekers (Beckmann et al. 2011) , are resistant to Pavlovian extinction (Ahrens et al. 2016; Beckmann and Chow 2015) , are initially more likely to choose drug (cocaine) over non-drug rewards (Tunstall and Kearns 2015) , and importantly, they have relatively poor top-down executive control over behavior (Paolone et al. 2013 ). All of these characteristics would increase the probability that individuals with a ST phenotype, after initial casual drug use, continue to use drugs, which would eventually expose them to incentive-sensitization and addiction (Robinson and Berridge 1993) .
In summary, we report that IntA cocaine selfadministration experience produces robust incentivesensitization and other addiction-like behavior and does so despite much less total drug intake than with the popular LgA model. We suggest, as have others (Allain et al. 2015; Zimmer et al. 2012) , that the pharmacokinetics associated w i t h I n t A m a y be m o r e effe c t i v e i n p r o d u c i n g neuroadaptations that lead to pathological motivation for cocaine than other self-administration models (LgA and prolonged ShA) and may better match patterns of use in humans. To paraphrase the statistician, George Box (Box et al. 2005) , BAll models are wrong but some models are useful,^and it behooves us to determine as best we can which animal models of addiction are more useful and for what purpose.
